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BREED speciﬁcations for pure-bred/pedigree dogs are laid down
by the organisations that register and judge dogs, such as the
Kennel Club of the UK (KCUK) and the Kennel Union of South
Africa (KUSA), as well as the umbrella body the Fédération
Cynologique Internationale (FCI). Reproductive isolation
between breeds results because animals can only be registered as
a speciﬁc breed if they have ﬁve previous generations of ancestors
registered as the same breed, creating a ‘breed barrier ’ which pro-
motes genetic differences among breeds. This genetic isolation in
a population of UK dogs (Mellanby and others 2013) has been
demonstrated previously. The lowest heterozygosities of around
0.5 were found for breeds such as the German shepherd dog,
rottweiler and boxer dog, indicative of a reasonably high level of
inbreeding. Labrador retrievers and border collies had heterozyg-
osities of around 0.7, indicating greater genetic diversity. The
Jack Russell terrier is not a registered breed with the KCUK. This
group had a heterozygosity of close to 0.8 and maintained a high
degree of genetic variability.
The authors were interested to assess whether dog breeds in
another country had similar levels of genetic isolation. Three
popular breeds were chosen, which showed differing heterozyg-
osities in the UK: the German shepherd dog, the labrador
retriever and the Jack Russell terrier (Mellanby and others 2013).
Breed speciﬁcations for the labrador retriever were identical for
the KCUK and the KUSA, whereas the speciﬁcation for the
German shepherd dog in South Africa is taken from the FCI cri-
teria rather than the KCUK criteria which are very similar. The
Jack Russell is not a KCUK-registered breed (Mellanby and
others 2013) but is registered with the KUSA, conforming to the
breed standard of the Australian National Kennel Council.
Therefore, it might be expected to show less genetic diversity in
South Africa due to the need to conform to breed speciﬁcations.
Breed standards are available at https://www.thekennelclub.org.
uk/services/public/breed/Default.aspx and http://www.kusa.co.
za/index.php/documents/breed-standards.
Genotypes using 15 microsatellite markers were established
for 14 labrador retrievers, 26 German shepherd dogs and 35 Jack
Russell terriers from South Africa, using the previously published
protocol (Ogden and others 2011, Mellanby and others 2013).
Calculations of heterozygosity and relative genetic distance were
performed as described (Mellanby and others 2013). Table 1
shows the calculated heterozygosities and genetic distance for
the animals from South Africa, compared with the results for
UK dogs. Heterozygosities did not differ between countries, but
the pairwise FST values were lower for South African dogs, indi-
cating that the UK dogs have experienced greater genetic isola-
tion (an FSTof 1 indicates complete isolation). Other studies also
using microsatellites have achieved comparable heterozygosities.
For example, Irion and others (2003) found heterozygosities of
0.64 and 0.78 for labrador retrievers and Jack Russell terriers,
respectively, based on 100 microsatellite markers, and Leroy and
others (2009) observed heterozygosities of 0.56 and 0.60 for
German shepherd dogs and labrador retrievers, respectively.
Wade (2011) reported heterozygosity of 0.31 in labrador retrie-
vers using single nucleotide polymorphism (SNP) markers
(unknown number). The lower heterozygosity with SNP
markers is consistent with the biallelic nature of SNPs which
reduces the maximum possible heterozygosity for each SNP to
0.5, compared with the multiallelic microsatellite markers used
here with maximum heterozygosity ranging from 0.84
(six alleles) to 0.95 (20 alleles).
The software STRUCTURE (Pritchard and others 2000) was
then used to identify the mixture of ancestral groups in each
dog. This program uses genotype data from many loci to investi-
gate population structure. Results allow the inference of distinct
populations within an admixed group. In each STRUCTURE
run the number of population subgroups (K) is speciﬁed and
runs are repeated at increasing values of K until no further sub-
structure is detected. The lowest value of K which detects all
TABLE 1: Estimated heterozygosities (HE)and genetic distances
(FST) for South African dogs
Breed HE*
FST* with
Jack Russell terrier Labrador retriever
Jack Russell terrier 0.76 (0.76)
Labrador retriever 0.68 (0.68) 0.042 (0.064)
German shepherd dog 0.57 (0.54) 0.087 (0.153) 0.106 (0.201)
HE is a measure of the genetic diversity in the population; a high HE value
indicates that many individuals are heterozygous at many loci, consistent with a
low level of inbreeding. FST is an estimate of the genetic differentiation between
two populations. A high value indicates that the two populations are genetically
isolated. Values were calculated using the programme GENALEX (Peakall and
Smouse 2006).
*Values in brackets for UK dogs (from Mellanby and others 2013).
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subpopulations is a measure of the number of population sub-
groups in the data set. Analyses were run as described (Mellanby
and others 2013) using the results for 15 microsatellite markers,
and both South African dogs and the UK dogs previously
reported by Mellanby and others (2013) were included. Fig 1
shows the outcome of this analysis when K (number of contrib-
uting subpopulations) was set at 6. The result was the same
with higher values of K. This analysis showed that within a
breed the dogs were genetically very similar regardless of the
country. Jack Russell terriers showed equal contributions from
different subpopulations, whereas labrador retrievers and
German shepherd dogs each showed 90 per cent contribution
from a single subpopulation. Jack Russell terriers had very little
contribution from either of the subpopulations predominant in
the labrador retrievers or German shepherd dogs, as might be
expected given the very different phenotype and ancestry of
these dogs. The admixture of subpopulations within a breed was
the same regardless of country, showing that the breeds have not
diverged greatly. To further test this, each breed was subjected
individually to STRUCTURE analysis. There was no evidence of
stratiﬁcation based on country of origin at K=2 or higher
K values (Fig 2). As previously reported (Mellanby and others
2013), misclassiﬁcation of dog breed was common with four of
the South African labrador retrievers and one of the German
shepherd dogs showing mixed breed ancestry, whereas several
others had a 50 per cent contribution from one subpopulation
suggesting a one parent of the associated breed and one of
another breed or mixed breed background.
100%
80%
60%
40%
20%
0%
K=6 German shepherd Dog Labrador Retriever Jack Russell Terrier
Pe
rc
e
n
t m
em
be
rs
hi
p 
of
 c
lu
st
er
Un
ite
d 
Ki
ng
do
m
So
ut
h 
Af
ric
a
So
ut
h 
Af
ric
a
So
ut
h 
Af
ric
a
Un
ite
d 
Ki
ng
do
m
Un
ite
d 
Ki
ng
do
m
FIG 1: STRUCTURE analysis of three dog breeds from the UK and South Africa. Genotypes for 15 microsatellites for dogs of all three breeds
from South Africa and the UK were entered into the program STRUCTURE and the analysis run with a burn-in period of 100,000 replications
and a run of 500,000 replications (Mellanby and others 2013). Runs were repeated between two and ﬁve times for each value of K to assess
the stability of the population structure detected. The results are shown for a typical run with K=6. Each vertical column represents a different
dog, whereas the shades of grey represent six different subpopulations in the admixture. The y axis shows the proportional of the genotype
attributed to each subpopulation for each dog
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FIG 2: STRUCTURE analysis within dog breeds from the UK and South Africa. The input data were the same as for Fig 1, but the input
contained only the results for a single breed. Burn-in, run and replications were the same as for Fig 1. Results are shown for K=2. The relative
proportion of each population in each dog is shown in dark and light grey.; the outcome was similar for higher values of K
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This analysis shows that the assignment of dogs to pedigree
classes on the basis of genotype is robust across the two coun-
tries and there is little evidence for genetic drift within breeds,
reﬂecting the similarity of the breed standards between the two
countries. This may be maintained by the import of dogs from
other countries and the exchange of semen for artiﬁcial insemin-
ation. Artiﬁcial insemination from cryopreserved domestic dog
semen has been available since the 1960s (Thomassen and
Farstad 2009) and use of artiﬁcial insemination has increased
among pedigree dog breeders as technologies have developed to
preserve and transport semen. Although this could beneﬁt the
breed and enhance genetic diversity by varying the sires used by
a breeder, it is also seen as a cost-effective method to maximise
the number of progeny of popular sires (Thomassen and Farstad
2009), hence restricting the gene pool. Worldwide use of semen
from a small number of sires may have the effect of maintaining
the homogeneity of the breed across geographically separated
regions. The heterozygosity of the Jack Russell has been main-
tained in South Africa, indicating that registration as a breed and
the need to conform to breed standard has not reduced genetic
diversity at this point.
Thus, the geographical isolation of the two countries has not
apparently led to genetic divergence within the breeds examined,
suggesting that there is minimal reproductive isolation and con-
siderable genetic exchange. Consequently, an important implica-
tion of this study is that genetic diseases detected in a breed
(Asher and others 2009, Summers and others 2010) are likely to
be found in both countries and could be transmitted from foun-
ders in either country, exacerbated by the use of artiﬁcial insem-
ination, limiting the number of sires.
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